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A  COMPILATION  OF  GEOMETRIC  DISTANCE  AND  TISSUE  PROPERTY 

DATA  FOR  THE  HUMAN  THORAX 

INTRODUCTION 

This  document  summarizes  the  anatomical  and  physiological  data  from  the  literature 
that  is  needed  in  the  development  of  a  noninvasive  passive  detection  method  for  coronary 
artery  disease.  It  has  been  proposed  to  measure  the  space-time  vibrational  field  of  the  chest 
wall  caused  by  coronary  artery  occlusions  with  an  array  of  vibroacoustic  sensors.' 
Turbulence-induced  wall  stresses  in  the  artery  result  in  wave  energy  transfer  to  the  body 
surface.  This  low-level  acoustic  energy  can  be  distinguished  from  other  physiological 
sounds  by  its  temporal,  spectral,  and  spatial  characteristics.  However,  it  is  first  necessary 
to  identify  the  various  noise  sources  within  the  thorax  and  the  spectral  content  of  the 
signals  they  produce.  It  is  also  important  to  know  the  location  of  the  noise-producing 
elements,  such  as  the  heart  valves  and  any  occluded  coronary  arteries,  and  the  timing  of 
their  sounds  within  the  heart  cycle. 

The  following  sections  describe  the  spectral  and  temporal  characteristics  of  various 
physiological  sounds.  Thorax  geometry  and  tissue  properties  are  also  discussed. 


CARDIOPULMONARY  SOUNDS 

The  four  basic  heart  sounds  are  described  in  this  section,  and  the  generally  accepted 
theories  of  their  origins  are  presented.  Figure  1  shows  the  relationship  between  the  heart 
sounds  and  various  cardiac  events. 

The  most  prominent  heart  sounds  are  the  first  and  second  sounds,  known  as  S 1  and 
S2.  These  two  sounds  are  easily  identified  because  they  occur  during  systole. 

Additionally,  the  main  frequency  components  lie  below  150  for  SI  (reference  2)  and  below 
170  Hz  for  S2,  with  the  peak  frequencies  of  S2  around  50-70  Hz.^’^  The  sound  SI  has 
two  components  corresponding  to  the  closing  of  the  mitral  and  tricuspid  valves.  Similarly, 
S2  has  two  components  but  they  are  related  to  the  closing  of  the  aortic  and  pulmonary 
valves. 
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The  third  heart  sound,  S3,  occurs  during  diastole  approximately  0.13-0.18  seconds 
after  S2.  It  is  associated  with  the  rapid  deceleration  of  blood  and  a  sharp  pressure  rise  in 
the  ventricles.  This  is  most  likely  the  turbulence  due  to  deceleration  of  the  mitral  jet.  S3  is 
audible  in  most  children,  but  is  generally  believed  to  lessen  in  intensity  with  age.  A  recent 
study,  however,  found  an  audible  S3  in  23  percent  of  a  population  of  healthy  37-year  olds, 
a  higher  incidence  than  expected.^  This  third  heart  sound  has  also  been  correlated  with  the 
presence  of  left  ventricular  failure,  including  that  caused  by  coronary  artery  disease  (CAD). 
Although  there  is  a  statistically  significant  relationship  between  an  audible  S3  and  a  change 
in  myocardial  viscoelasticity,  disagreement  exists  over  whether  increased  eompliance*  or 
stiffness^  is  associated  with  the  onset  of  S3.  No  spectral  data  were  found  in  the  literature. 

The  fourth  heart  sound  (S4)  is  a  low-frequency  noise  (40-60  Hz)*  heard  near  end 
diastole,  just  prior  to  SI.  Its  occurrence  coincides  with  the  abrupt  increase  in  both 
ventricular  volume  and  pressure  caused  by  atrial  contraction.  It  is  common  in  CAD 
patients,  especially  during  ischemic  periods  and  following  myocardial  infarction.  A 
“summation  sound”  -  an  overlap  of  S3  and  S4-  may  occur  in  ventricular  failure  when  atrial 
contraction  occurs  simultaneously  with  the  rapid  filling  phase. 

Based  on  the  prevalence  of  audible  S3  in  a  healthy  adult  population  and  the 
increased  likelihood  of  S3  and  S4  in  patients  with  CAD,  it  is  probable  that  there  will  be 
some  diastolic  flow  noise  (sometimes  called  diastolic  murmur)  associated  with  transmitral 
flow,  although  it  will  not  necessarily  be  audible. 

The  sounds  that  are  of  interest  (those  produced  in  stenosed  coronary  arteries)  occur 
during  diastole.  Their  measured  spectral  content  is  highly  dependent  on  the  processing 
method  that  is  used.®  However,  aU  clinical  and  theoretical  values  fall  within  the  200-800 
Hz  range  as  shown  in  table  1.®'" 

Based  on  the  above  information  it  is  possible  to  distinguish  between  the  vibrations 
due  to  turbulence  in  stenosed  arteries  and  those  due  to  the  SI,  S2,  and  S4  sounds.  The 
signal  can  be  temporally  filtered  and  only  the  diastolic  portion  analyzed.  This  eliminates  the 
high  intensity  SI  and  S2  signals.  Furthermore,  S4  has  a  much  lower  frequency  range  than 
signals  arising  from  CAD  and  can  therefore  be  distinguished  on  the  basis  of  spectral 
content. 
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Noise  generated  in  the  lungs  during  inspiration  and  expiration  must  be  considered 
as  another  sound  source.  Ploysongsang  et  al.  investigated  inspiratory  and  expiratory 
vesicular  breath  sounds  and  found  that  most  energy  is  contained  below  200  Hz,  with  a 
peak  occurring  between  35  and  55  Hz.'^  The  inspiratory  sound  is  heard  throughout 
inspiration  while  the  quieter  expiratory  sound  lasts  for  only  the  first  third  of  expiration. 
Although  the  breathing  sounds  overlap  the  low  end  of  the  frequency  range  associated  with 
CAD  diastolic  murmurs,  they  are  easily  eliminated  by  having  the  patient  “hold  his  breath” 
during  the  course  of  measurements. 

Table  1.  Summary  of  Cardiopulmonary  Sounds 


Sound 

Frequency 
Range  (Hz) 

Peak  Frequency 
(Hz) 

Probable  Source 

Time  of 

Occurrence 

SI 

0-150 

mitral  and  tricuspid 

closure 

systole 

S2 

0-170 

30-70 

aortic  and  pulmonary 

closure 

systole 

S3 

— 

— 

rapid  filling  of 

ventricles 

diastole:  0.13-0.18 

sec  after  S2 

S4 

20-60 

— 

atrial  contraction 

diastole:  0.08-0.10 
sec  after  beginning 

of  P  wave 

Stenosis 

200-800 

— 

diastole 

Breathing 

0-200 

36-41 

36-57 

inspiration 

1/3  expiration 
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GEOMETRIC  DATA 


The  Euclidean  distances  from  the  heart  valves  (the  major  noise  sources)  and 
clinically  or  anatomically  significant  points  along  the  main  coronary  arteries  to  three  points 
on  the  chest  wall  were  determined.  Figures  2  and  3  show  the  locations  of  two  such  points, 
PI  and  P2,  on  the  chest.  The  distance  to  the  middle  of  the  sternum  at  the  third  costal 
cartilage  was  also  established  as  a  reference.  The  two  chest  wall  positions  were  chosen  as 
potential  sites  for  sensor  location  during  chest  wall  vibration  measurements  on  human 
subjects.  The  first  measurement  point  (PI)  is  located  in  the  third  intercostal  space,  4 
centimeters  from  the  midline  of  the  sternum.  The  second  measurement  point  (P2)  is  located 
in  the  space  just  medial  to  the  seventh  costal  cartilage,  6.25  centimeters  from  the  midline. 
This  P2  position  allows  measurement  of  the  chest  wall  vibrations  without  interference  from 
the  ribs. 


LOCATION  OF  HEART  VALVES 

Figure  2  shows  the  location  of  the  heart  relative  to  the  ribs  and  vertebrae.'^  The 
heart  extends  from  the  fifth  to  tenth  thoracic  vertebra  in  this  adult  male  of  unknown  age. 
The  aortic  valve  is  located  at  the  level  of  the  upper  portion  of  the  seventh  thoracic  vertebra 
(T7),  and  the  mitral  valve  is  located  at  the  center  of  the  eighth  thoracic  vertebra.  The 
pulmonary  valve  is  located  at  the  level  of  the  lower  third  of  the  sixth  thoracic  vertebra,  and 
the  tricuspid  valve  is  directly  behind  the  sternum  at  the  eighth  vertebral  disk.  Table  2 
shows  the  average  position  of  the  heart  valves,  base  (top),  and  apex  (bottom)  with  respect 
to  vertebral  level  for  1 1  adult  males. 
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Table  2.  Position  of  Heart  Referenced  to  Vertebrae 


Average  Position 

Range 

Base 

(m,l)  T3 

(1)  T4  -  (u)  T8 

Apex 

(1)  TIO 

D8-D11 

Aortic  Valve 

(m)T7 

D5  -  (u)  T9 

Mitral  Valve 

(m)  T8 

(m)  T6  -  (u)TlO 

Pulmonary  Valve 

D6 

D4-(1)T8 

Tricuspid  Valve 

(u)T9 

(u)  T7  -  (m)  TIO 

Notation:  T-  thoracic  vertebra. 


(u,ni,l)  -  indicates  the  upper,  middle,  or  lower  third  of  the  vertebra. 

D-  vertebral  disk,  with  the  number  corresponding  to  the  vertebra  directly  above  it. 

Figure  3  shows  a  cross  section  of  the  heart  in  a  side  view.  The  mitral  valve  plane 
forms  an  angle  of  approximately  30  degrees  with  the  horizontal,  directing  the  mitral  jet 
inferiorly  and  anteriorly  toward  the  aptex  of  the  heart  and  the  fifth  intercostal  space.  This 
apical  position  is  in  fact  the  classic  auscultation  point  for  listening  to  the  SI  and  S3  sounds 
associated  with  the  mitral  valve.* 

Measurements  of  the  geometric  position  of  the  heart  valves  and  coronary  artery 
ostia  within  the  thorax  were  based  on  the  cross  sectional  anatomy.  A  coordinate  axis  was 
defined  with  the  origin  on  the  chest  wall  as  indicated  in  figure  2.  The  left  lateral  direction  is 
the  x-coordinate,  the  vertical  (cephalid)  direction  is  the  y-coordinate,  and  the  anterior 
direction  is  the  z-coordinate.  Table  3  shows  the  coordinates  and  depth  of  the  valves 
measured  from  the  two  chest  wall  locations. 

Although  no  information  is  provided  regarding  the  time  within  the  cardiac  cycle  for 
the  subject  of  the  cross-sectional  study,  the  position  of  the  heart  valves  is  consistent  with 
diastole. 
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Table  3.  Location  of  Heart  Valves  Referenced  to  Chest  Wall 


Distance  from  PI 

Distance  from  P2 

zl 

xl 

yi 

rl 

z2 

x2 

y2 

r2 

Aortic  valve 

-7.63 

-3.50 

1.38 

8.50 

-9.38 

-5.75 

14.00 

Mitral  valve 

-8.56 

-1.50 

-0.13 

8.69 

-10.31 

-3.75 

12.50 

16.63 

Tricuspid  valve 

-5.50 

-4.00 

-1.00 

6.87 

-7.25 

-6.25 

11.63 

Pulmonary  valve 

-7.44 

-3.00 

2.63 

8.44 

-9.19 

-5.25 

15.25 

18.56 

LOCATION  OF  CORONARY  ARTERIES 

Data  for  Ae  coronary  arteries  was  adapted  from  Dodge  et  al.''‘  They  determined  the 
interthoracic  location  of  23  coronary  artery  (CA)  segments  at  end  diastole  from  the 
angiographic  data  of  37  patients.  The  CA  anatomy  of  each  patient  can  be  categorized  based 
on  the  origin  of  the  arteries  that  supply  the  inferior  ventricular  septum.  The  patient  is  right 
coronary  artery  (RCA)  dominant  if  the  branches  arise  from  the  right  coronary  artery,  left 
coronary  artery  (LCA)  dominant  if  they  arise  from  the  left  anterior  descending  artery,  or 
balanced  if  both  vessels  supply  the  inferior  wall.  Most  patients  in  this  study  (30/37)  were 
classified  as  RCA  dominant.  A  description  of  the  three  main  coronary  arteries,  including 
important  branches,  follows  next.  Figure  4  illustrates  the  CA  structure  and  nomenclature 
used  for  segment  identification. 
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The  right  main  coronary  artery  (RCA)  arises  from  the  right  coronary  ostia.  The 
midpoints  of  four  segments  (Rl-  R4)  of  the  main  branch  were  determined.  The  midpoints 
of  the  posterior  descending  branch  (RD),  posterior  wall  branch  (RP),  and  inferior  wall 
branch  (RI)  are  also  given.  In  the  balanced  anatomy,  only  the  posterior  descending  branch 
is  identified.  In  an  LCA-dominant  heart,  no  inferior  wall  vessels  arise  from  the  RCA. 

The  left  main  coronary  artery  (LM)  originates  at  the  left  coronary  ostia  and 
bifurcates  into  the  left  anterior  descending  (L)  and  left  circumflex  (C)  arteries.  The  left 
anterior  descending  artery  is  divided  into  four  segments.  The  midpoints  of  each  of  the 
segments  is  identified,  as  well  as  the  proximal  points  of  segments  LI  and  L4  (apex).  The 
main  branches  of  the  left  anterior  descending  coronary  artery  include  three  septal 
perforators  (S1-S3)  and  diagonal  branches  (D1-D3).  In  the  case  where  the  LM  trifurcates, 
the  middle  branch  is  identified  as  the  median  ramus  (MR).  The  left  circumflex  artery  has 
been  divided  into  segments  C1-C3,  with  marginal  branches  Ml  and  M2.  A  large  obtuse 
marginal  branch  (OM)  in  some  cases  replaces  the  two  marginal  branches.  In  the  balanced 
anatomy,  a  fourth  segment  of  the  circumflex  artery  is  present  with  posterior  and  inferior 
wall  branches  (CP  and  Cl).  There  is  an  additional  branch  in  LCA-dominant  anatomies:  the 
posterior  descending  coronary  artery  (CD). 

The  cross-sectional  anatomy  of  figure  2  was  also  used  to  locate  the  coronary  ostia 
relative  to  the  reference  position  on  the  chest  wall.  The  arterial  data  was  then  transformed 
into  the  orthogonal  coordinate  system  defined  above.  The  locations  of  the  left  anterior 
descending  CA  segments  with  respect  to  measurement  locations  PI  and  P2  are  presented  in 
table  4,  the  left  circumflex  artery  in  table  5,  and  the  right  coronary  artery  in  table  6. 


Table  4.  Left  Anterior  Descending  Coronary  Artery  Segment  Locations 


zl 

Distance  from  PI 

xl  yl 

rl 

z2 

Distance  from  P2 

x2  yl 

r2 

LM  mid 

-9.47 

-1.87 

3.37 

10.22 

-2.97 

-4.12 

15.99 

16.78 

LI  prox 

-9.04 

-1.06 

3.24 

9.66 

-2.54 

-3.31 

15.86 

16.40 

LI  mid 

-8.55 

-0.52 

3.12 

9.11 

-2.05 

-2.77 

15.75 

16.12 

L2  mid 

-5.86 

1.04 

2.22 

6.35 

0.64 

-1.21 

14.84 

14.91 

L3  mid 

-2.17 

1.72 

-2.03 

3.43 

4.33 

-0.53 

10.59 

11.46 

L4  prox 

-2.40 

1.93 

-5.46 

6.26 

4.10 

-0.32 

7.17 

8.27 

L4  mid 

-3.09 

1.66 

-5.58 

6.60 

3.41 

-0.59 

7.04 

7.84 

D1  orig 

-8.05 

0.21 

2.88 

8.55 

-1.55 

-2.04 

15.50 

15.71 

D1  mid 

-6.82 

2.43 

0.90 

7.30 

-0.32 

0.18 

13.52 

13.53 

D2  orig 

-6.32 

0.94 

2.30 

6.79 

0.18 

-1.31 

14.93 

14.99 

D2  mid 

-4.97 

2.75 

0.19 

5.68 

1.53 

0.50 

12.81 

12.91 

D3  orig 

-4.82 

1.58 

1.39 

5.26 

1.68 

-0.67 

14.02 

14.13 

D3  mid 

-3.58 

2.85 

-0.62 

4.62 

2.92 

0.60 

12.00 

12.37 

SI  orig 

-7.81 

0.17 

2.80 

8.30 

-1.31 

-2.08 

15.43 

15.62 

SI  mid 

-6.57 

-0.45 

1.11 

6.67 

-0.07 

-2.70 

13.73 

13.99 

S2  orig 

-5.93 

0.97 

2.24 

6.41 

0.57 

-1.28 

14.86 

14.93 

S2  mid 

-5.24 

0.05 

0.51 

5.26 

1.26 

-2.20 

13.13 

13.38 

S3  orig 

-4.30 

1.42 

1.04 

4.65 

2.20 

-0.83 

13.67 

13.87 

S3  mid 

-4.17 

0.57 

-0.44 

4.23 

2.33 

-1.68 

12.19 

12.52 
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Table  5.  Left  Circumflex  Artery  Segment  Locations 


Distance  from  PI 

zl  xl  yl 

rl 

Distance  from  P2 

z2  x2  y2 

r2 

Cl  prox 

-9.49 

-1.19 

3.03 

10.03 

-2.99 

-3.44 

15.65 

16.31 

Cl  mid 

-9.70 

-0.92 

2.59 

10.08 

-3.20 

-3.17 

15.21 

15.87 

C2  mid 

-10.67 

-0.34 

1.46 

10.78 

-4.17 

-2.59 

14.08 

14.91 

C3  mid 

-11.72 

-0.42 

-0.41 

11.74 

-5.22 

-2.67 

12;22 

13.55 

C4  mid 

-11.45 

-2.10 

-2.26 

11.86 

-4.95 

-4.35 

10.37 

12.28 

MRorig 

-9.48 

-1.38 

3.11 

10.08 

-2.98 

-3.63 

15.74 

16.42 

MR  mid 

-8.78 

2.01 

0.19 

9.01 

-2.28 

-0.24 

12.81 

13.02 

OM  orig 

-10.12 

-0.42 

2.15 

10.35 

-3.62 

-2.67 

14.77 

15.44 

OMbifur 

-10.61 

0.80 

0.67 

10.67 

-4.11 

-1.45 

13.30 

13.99 

OM  ant  mid 

-10.39 

1.23 

-0.29 

10.47 

-3.89 

-1.02 

12.33 

12.97 

OM  pos  mid 

-11.04 

0.71 

-0.02 

11.07 

-4.54 

-1.54 

12.60 

13.49 

Ml  orig 

-9.98 

-0.72 

2.19 

10.24 

-3.48 

-2.97 

14.81 

15.50 

Ml  mid 

-9.66 

1.85 

-0.13 

9.84 

-3.16 

-0.40 

12.50 

12.90 

M2  orig 

-10.79 

-0.29 

1.09 

10.85 

-4.29 

-2.54 

13.72 

14.59 

M2  mid 

-10.82 

1.01 

-1.34 

10.95 

-4.32 

-1.24 

11.28 

12.14 

M3  orig 

-11.61 

-0.23 

-0.23 

11.61 

-5.11 

-2.48 

12.40 

13.64 

M3  mid 

-11.20 

0.48 

-2.19 

11.43 

-4.70 

-1.77 

10.43 

11.58 

Table  6.  Right  Coronary  Artery  Segment  Locations 


zl 

Distance  from  PI 

xl  yl 

rl 

Distance  from  P2 

z2  x2  y2 

r2 

Rl  prox 

-6.35 

-4.44 

1.69 

7.93 

0.15 

-6.69 

14.31 

15.80 

Rl  mid 

-5.92 

-5.44 

1.18 

8.13 

0.58 

-7.69 

13.81 

15.82 

R2  mid 

-5.55 

-6.93 

-1.54 

9.01 

0.95 

-9.18 

11.08 

14.42 

R3  mid 

-6.54 

-6.29 

-4.10 

9.96 

-0.04 

-8.54 

8.53 

12.07 

R4mid 

-9.02 

-4.00 

-3.79 

10.57 

-2.52 

-6.25 

8.84 

11.11 

RD  mid 

-6.18 

-2.19 

-5.50 

8.56 

0.32 

-4.44 

7.13 

8.40 

Rl  mid 

-8.77 

-2.29 

-5.17 

10.44 

-2.27 

-4.54 

7.45 

9.02 

RP  mid 

-10.16 

-1.43 

-4.76 

11.31 

-3.66 

-3.68 

7.87 

9.43 

IDENTIFICATION  OF  TISSUE  LAYERS 


The  types  and  thicknesses  of  tissues  along  the  paths  from  sensor  location  PI  on  the 
chest  wall  to  the  heart  valves  were  estimated,  with  results  presented  in  table  7 .  The 
intervening  tissues  between  PI  and  the  four  valves  were  identified  on  all  cross  sections 
from  levels  24  through  27. Measurements  were  interpolated  for  vertical  positions 
between  displayed  cross-sectional  layers.  It  is  important  to  note  that  the  reported 
dimensions  are  for  a  particular  human  subject  and  that  no  attempt  was  made  to  determine 
the  variation  in  such  measurements  across  a  larger  sample  population.  Verburg  et  al.‘‘ 
assume  that  the  properties  of  lung  tissue  will  dominate  the  sound  transmission  from  the 
heart  to  the  chest  wall.  However,  most  of  the  literature  shows  that  for  locations  close  to  the 
sternum  (such  as  PI)  the  direct  transmission  paths  of  the  mitral,  aortic,  and  tricuspid  valves 
do  not  pass  through  any  lung  tissue  because  of  the  cardiac  notch  in  the  left  lobe  of  the 
lungs.  Therefore,  lung  properties  wiU  have  Uttle  influence  on  the  direct  path  sound 
transmission  characteristics  of  the  thorax. 


Table  7.  Tissue  Thickness  (cm)  Between  PI  and  Cardiac  Valves 


Aortic 

Mitral 

Pulmonary 

Tricuspid 

Dermis 

0.25 

0.25 

0.25 

0.25 

Adipose  tissue 

0.51 

0.50 

0.50 

0.63 

Muscle 

1.58 

1.00 

1.30 

1.45 

C.m.a. 

0.51 

0.75 

0.60 

0.82 

C.p. 

0.38 

- 

0.40 

- 

Lung 

- 

- 

0.80 

- 

Pericardium 

0.13 

0.15 

0.15 

0.19 

Interior  heart 

5.14 

6.04 

4.44 

3.53 

C.m.a.  =  Cavum  mediastinale  anterius 
C.p.  =  Cavum  pleurae 


The  direct  paths  from  the  valves  to  P2  will  pass  through  successive  layers  of  the 
heart,  pericardium,  diaphragm,  liver,  abdominal  muscle,  subcutaneous  fat,  and  skin. 
Estimation  of  tissue  thicknesses  was  not  made  because  of  an  inadequate  resolution  of  the 
cross-sectional  anatomy  and  the  lack  of  tissue  property  data  (discussed  next). 
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TISSUE  PROPERTIES 


Yen  and  Fung'^  estimate  a  wave  speed  in  the  chest  wall  of  1000  m/s.  Verburg 
reports  values  on  the  order  of  1500  m/s  for  compressional  waves  and  10  m/s  for  shear 
waves  at  1000  Hz.  The  soft  tissue  and  composite  (lung  and  soft  tissue)  viscoelastic 
properties  of  Verburg  presented  in  table  8  were  used  to  calculate  the  shear  wave  speeds  in 
<  table  9. 


Table  8.  Viscoelastic  Tissue  Properties 


Lung 

Soft  Tissue 

Composite 

p  (kg/m^) 

250 

1100 

300 

G  (^l,)  (N/m^) 

300 

5000 

300 

|l2  (Ns/m') 

300 

50 

50 

V  (Poisson’s  ratio) 

0.5 

“ 

— 

(N/m') 

— 

2.6  E+9 

1.25  E+8 

X, 

0.0 

0.0 

0.0 

Table  9.  Shear  Wave  Speeds  in  Chest 

Wall 

Frequency  (Hz) 

Soft  tissue  wave  speed  (m/s)  Composite  tissue  wave  speed  (m/s) 

1 

2.13 

1.01 

10 

2.14 

1.60 

100 

2.74 

5.61 

500 

6.22 

12.83 

1000 

9.11 

18.20 

Durand^  calculated  the  sound  transmission  properties  in  the  ascending  aorta  of 
dogs.  The  phase  of  the  transfer  function  between  two  micromanometers  placed  in  the  aorta 
was  used  to  estimate  the  phase  velocity  of  sound  waves  through  blood  in  the  ascending 
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aorta.  Between  40  and  100  Hz,  the  phase  speed  was  constant  at  5.5  m/s.  It  reached  a  peak 
of  9  m/s  at  300  Hz  and  then  decreased  to  a  steady  value  of  8  m/s  beyond  500  Hz.  These 
wave  speeds  are  much  lower  than  the  speed  of  compressional  waves  in  blood  (~  1500  m/s) 
because  the  effective  stiffness  of  the  fluid  and  vessel  is  limited  by  the  lower  value—  in  this 
case  the  aorta  stiffness.^ 

No  further  discrimination  among  tissue  types  was  found  in  the  literature. 

Therefore,  development  of  a  model  for  sound  transmission  will  likely  assume 
homogeneous  tissue  properties  within  the  thorax. 
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